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Abstract 9 

Microfluidic-based chemical sensors take laboratory analytical protocols and miniaturise them into 10 

field-deployable systems for in situ monitoring of water chemistry. Here we present a prototype 11 

nitrate/nitrite sensor based on droplet microfluidics that in contrast to standard (continuous 12 

phase) microfluidic sensors, treats water samples as discrete droplets contained within a flow of 13 

oil. The new sensor device can quantify the concentrations of nitrate and nitrite within each droplet 14 

and provides high measurement frequency and low fluid consumption. Reagent consumption is at 15 

a rate of 2.8 ml/day when measuring every ten seconds, orders of magnitude more efficient than 16 

the current state of the art. The sensor’s capabilities were demonstrated during a three-week 17 

deployment in a tidal river. The accurate and high frequency data (6 % error relative to spot 18 

samples, measuring at 0.1 Hz) elucidated the influence of tidal variation, rain events, diurnal 19 

effects, and anthropogenic input on concentrations at the deployment site. This droplet 20 

microfluidic-based sensor is suitable for a wide range of applications such as monitoring of rivers, 21 

lakes, coastal waters, and industrial effluents.  22 
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Introduction 23 

Monitoring nutrient levels in natural waters (oceans, lakes and rivers) is important for 24 

understanding the underlying biogeochemical processes and safeguarding against the effects of 25 

anthropogenic pollution. Traditionally, nutrients and other chemical parameters are measured by 26 

taking samples, either manually or via autosamplers,1 then transporting the samples to a laboratory 27 

for later analysis. Using sensors to monitor in situ offers an attractive alternative, with the removal 28 

of sample transport allowing greater numbers of measurements and eliminating the risk of sample 29 

deterioration in transit.2 Furthermore, pollution events can be detected in real time, allowing early 30 

warning and quicker, more effective remediation.  31 

Nitrate and nitrite are key macronutrients in natural waters and are often implicated in 32 

anthropogenic nutrient pollution that leads to algal blooms and eutrophication.3 Field deployable 33 

sensors have been developed to monitor nitrate and nitrite levels, both in academia and 34 

commercially.4 The most widely used sensors are based on in situ UV spectrophotometry.5 While 35 

marketed as “nitrate” sensors, the overlap of the nitrate and nitrite absorbance spectra mean that 36 

the sensors in fact measure combined nitrate and nitrite (ΣNOx
-). The UV sensors can measure at 37 

high frequencies (a maximum of ~1 Hz) meaning that the sensors can be used on fast-moving 38 

platforms (e.g profiling floats,7 surface vehicles8) to spatially map ΣNOx
- concentrations. The high 39 

frequency measurement is also important for capturing and characterising episodic events. For 40 

example in rivers, where nutrient export can be dominated by storm events,9, 10 high resolution 41 

monitoring is essential for deriving accurate estimates of nutrient loading9 and differentiating 42 

input mechanisms.11
 43 

An alternative way to monitor nitrate and nitrite is by using wet chemical sensors. These sensors 44 

operate on similar principles to laboratory auto-analysers: pulling a water sample in, performing a 45 

chemical assay, and then recording or relaying the result using on-board electronics.12,13, 14 By 46 

careful engineering of fluidic manifolds and control systems the whole system can be miniaturised 47 
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into a small integrated field-deployable package (“sensor”), with commercial systems available 48 

(e.g. Systea WIZ,15 Seabird Scientific HydroCycle-PO4
16, 17). Recent academic developments of wet 49 

chemical sensors have focussed on reducing channel dimensions to a few hundred microns or less 50 

(“microfluidic sensors”), to improve fluid and power efficiency by reducing the fluidic volume and 51 

hence the required liquid volume and pumping.2 Relative to in situ spectrophotometry, microfluidic 52 

sensors offer lower limits of detection (e.g. 25 nM12 versus 2.4 µM6) and lower power requirements 53 

(e.g. 1.5 W12 versus 7-8 W for commercial systems6, 18). Moreover, while UV spectrophotometry is 54 

restricted to a few chemical species (ΣNOx
-, bromide and bisulfide)5 microfluidic sensors can be 55 

adapted to monitor a wide range of chemical parameters including macronutrients (ΣNOx
-, nitrite, 56 

phosphate, ammonia),12, 19-24 micronutrients (e.g. Mn, Fe),25-27 and carbonate system parameters.28 57 

Nonetheless microfluidic sensors face several challenges before they can become widespread. 58 

Microfluidic sensors measurement rates are slow (a maximum of every few minutes)2 and fluidic 59 

architectures are also typically complex, requiring bespoke microfabricated manifolds and multiple 60 

separate valves and pumps.12, 21, 23, 27 The added complexity increases possible failure modes and 61 

moreover increases the material cost of the sensor. However it is the use of consumable fluids 62 

(reagent, standards, blanks) which is the key limiting factor. Fluids must be periodically replaced, 63 

which increases running costs and discourages remote deployments, the size of the overall sensor 64 

unit is increased and the number of measurements that can be performed is fundamentally limited.  65 

In this report we present a new type of microfluidic sensor based on a droplet flow regime. Relative 66 

to existing microfluidic systems our droplet-based sensor consumes orders-of-magnitude less 67 

reagent per measurement, can provide high frequency measurement, and requires fewer fluidic 68 

actuators (pumps and valves). In droplet flow, the aqueous sample is carried as a sequence of 69 

discrete droplets within a flow of immiscible oil29 which do not contact the channel walls. Chaotic 70 

advection within droplets enhances mixing whereas in continuous microfluidics30 laminar flow 71 

leads to slow diffusion-limited mixing which inherently limits measurement frequency. In 72 

continuous (non-droplet) microfluidics, viscous drag at the channel walls effectively smears the 73 
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composition of the sample as it travels downstream (referred to as Taylor dispersion),30, 31 but in 74 

droplet flow droplet composition is maintained.32 This allows the same droplet to be measured at 75 

different reaction times,33 means the fidelity of time-dependent chemical signals is better 76 

preserved within the system,34 and channel flushing between samples is no longer needed, 77 

reducing the amount of fluid used in flushing and power expended in pumping.  78 

Currently droplet microfluidics is restricted to the laboratory, used for a variety of biochemical and 79 

chemical applications such as digital PCR, single cell analysis, and high throughput screening.35-41 80 

For those applications droplet microfluidics typically requires expensive bulky equipment, such as 81 

high precision pumps and complex optical systems, but despite this droplet generation is still easily 82 

perturbed (e.g. by changes in ambient conditions, fluidic pressure changes, air bubbles, and 83 

impurities in liquids). We recently developed a method for robust droplet generation that is 84 

insensitive to perturbations.42 The droplet generation is driven by small, affordable pump 85 

technology, and hence is well-suited for field-deployable systems.43 Using this approach, nitrate 86 

measurement in droplets was first demonstrated in a laboratory setting, with alternating droplets 87 

of sample and a standard allowing realtime calibration of the sample measurements.44 There it was 88 

found that decomposition of nitrite under acidic conditions generated nitrate and nitric oxide, with 89 

the latter diffusing between droplets and resulting in inter-droplet crosstalk. Here, we address that 90 

nitrate/nitrite-specific crosstalk problem by modifying the microfluidic design to allow either 91 

sample or standard flow at any given time and hence remove crosstalk. Moreover, the system has 92 

been fully developed into a field-deployable sensor device for monitoring natural waters which, 93 

additionally, can monitor both nitrate and nitrite concentrations simultaneously. 94 

The sensor prototype was first characterised in the laboratory and then demonstrated in a three 95 

week deployment in a tidal river, where tide, rain events, diurnal, and anthropogenic effects were 96 

all seen to contribute to fluctuations in environmental nitrate/nitrite levels. When monitoring at a 97 

rate of a measurement every 10 seconds (8640 measurements/day), reagent consumption is only 98 
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2.8 ml/day, meaning one litre of reagent would be sufficient for approximately 11 months of 99 

continuous operation.  100 

Experimental  101 

The sensor operates as illustrated in Fig. 1a. Water is drawn into the sensor by a peristaltic pump 102 

built in-house42, 44 (common to all fluidic lines), passing first through a valve which can swap the 103 

sample for an on-board standard at user-specified intervals to allow for in situ calibration. The 104 

water sample then travels through the pump and into a fluidic junction where it meets a reagent 105 

flowing at the same volumetric flow rate. Here a 1:1 sample:reagent ratio is used to ensure balanced 106 

flow rates and fluidic backpressures. In the future the ratio could be increased by either changing 107 

the pump line internal diameters or the mechanical design of the peristaltic pump,42 which could 108 

decrease sample dilution and hence increase sensitivity. After the sample and reagent flows have 109 

met, they are then immediately broken into a stream of droplets by introduction of a fluorinated 110 

oil (Fluorinert FC40) at a T-junction. The volumetric flow rate of oil is equal to the sum of the 111 

aqueous streams. Under standard flow rates (defined later) a single droplet is generated 112 

approximately every ten seconds. The droplet contents mix as they are carried downstream 113 

through PTFE tubing and the reagent reacts with the analyte to produce a coloured product 114 

(Fig. 1b). The assay used here is a variant on the traditional Griess method, whereby nitrate is first 115 

reduced to nitrite which then reacts with a mixture of sulfanilamide and N-naphthyl-116 

ethylenediamine (NEDD) to produce a purple/pink coloured diazonium product.1 In previously 117 

reported systems, the reduction step was achieved by flowing the sample over a solid copper-118 

treated cadmium surface.12, 20, 23 While highly effective in continuous microfluidics, this method is 119 

not appropriate for droplet flow as a layer of oil always separates the droplet contents from the 120 

solid channel walls. Here instead vanadium chloride (VCl3) is added to the standard Griess reagent 121 

to act as reducing agent45-48 (loading 0.5 wt%, see ESI).  122 
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The strength of the colour is quantified downstream by absorption flow cells comprising simple 123 

optical components (LEDs, light to voltage converters) within a micromilled structure49 (example 124 

raw data is shown in Fig. 1c). Each droplet constitutes a single discrete measurement point. Droplet 125 

absorbance is calculated using a modified version of the Beer-Lambert law33, 50 which accounts for 126 

the light transmitted through the transparent neighbouring oil segments (see ESI). In this way the 127 

oil operates as a quasi-blank which will correct for any perturbations to light source intensity or 128 

light path. Consequently, while a blank measurement must be performed before or after each 129 

deployment to benchmark the oil levels (by flowing pure water through the inlet), the sensor does 130 

not require an on-board blank. 131 

An inline heater comprised of PTFE tubing surrounding a resistive heater is included to accelerate 132 

the reaction. The heater is measured by an internal thermistor and controlled by an proportional–133 

integral–derivative (PID) algorithm and custom electronics (not shown in Fig. 1a) so that a constant 134 

temperature is maintained with an error less than 0.1°C. This ensures the reaction within the droplets 135 

occurs at a reproducible temperature irrespective of ambient conditions. The electronics were 136 

designed in-house and also control the pump and relay the flow cell data. All droplets and oil are 137 

finally collected in a waste bag, where the dense fluorinated oil gravimetrically separates from the 138 

aqueous waste to be reused. All fluidic conduits in the sensor were composed of off-the-shelf 139 

tubing for ease of fabrication. All components are packaged into a water-tight cylinder (Fig. 1d, 140 

diameter 102 mm, length 226 mm) with the exception of power, supplied via a 5 V USB (universal 141 

serial bus) cable, and the fluid reservoirs (oil, reagent, and standard) which are contained in an 142 

external housing and coupled via a penetrator connection. All fluids are packaged in light- and air-143 

impermeable laminated plastic/aluminium foil bags as the dissolved vanadium(III) within the 144 

reagent is easily oxidised when exposed to ambient conditions. Stored in this way we found that 145 

reagent still performed at an equivalent level to fresh reagent after 9-months’ storage at room 146 

temperature (data not shown).  147 
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 148 

Figure 1: a) Schematic showing the fluidics of the sensor and illustrating the mode of operation. 149 

b) Droplets of reagent and 200 µM nitrate within PTFE tubing (0.5 mm inner diameter, 0.7 mm outer 150 

diameter). The droplets are shown immediately before (top) and after (bottom) travelling through 151 

the heater (50 °C, 7.2 mins residence time). A 1 mm scale bar is shown bottom right. c) Example raw 152 

data from a flow cell taken over ten minutes, during which 54 droplets (low light transmission) and 153 

oil segments (high light transmission) pass through the light path producing a characteristic square 154 

wave profile.33, 49 d) Image of a finished sensor incorporating fluidics, heater, flow cells and control 155 

electronics. The external fluid reservoir is not shown. A pen is shown for scale.  156 

The use of a peristaltic pump here rather than solenoid20 or syringe pumps,12, 21 means that a single 157 

unit can drive all fluid lines with only one valve required - reducing complexity and cost. 158 

Importantly, the use of peristalsis as a pumping method ensures robust droplet generation via our 159 

previously reported anti-phase peristaltic approach.42 This takes advantage of the pulsatile nature 160 

of peristaltic pumping, alternately injecting the aqueous and oil phases into the T-junction such 161 

that each oil pulse “chops off” the preceding aqueous pulse into a discrete droplet. As described 162 

elsewhere,42 the pump can be rationally designed to deliver droplets with pre-defined volumes and 163 

numbers per turn of the motor shaft. Importantly, this method delivers highly reliable and robust 164 

droplet generation that is independent of flow rate and liquid properties, making it highly desirable 165 

for a field deployable sensor device.42 166 

Additional details of sensor fabrication and reagent formulation are included in the ESI. 167 
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Results and Discussion 168 

Nitrate reduction 169 

Vanadium(III)-mediated reduction is much slower than the previously-reported method of 170 

heterogeneous reduction by cadmium, with reaction times of several hours at room 171 

temperature.45-47 To accelerate the reaction and reduce the reaction time to minutes, an inline 172 

heater was included in the sensor design (Fig. 1a). The reduction rate is controlled by both 173 

temperature and reaction time, hence we systematically varied the heater temperature and the 174 

residence time of the droplets to find the optimum reaction conditions, as shown in Fig. 2. At 40 °C, 175 

the absorbance increased with residence time but did not peak despite times of up to 25 minutes. 176 

Conversely at higher temperatures the absorbance peaked but then decreased at longer residence 177 

times - an effect which has previously been attributed to the degradation of the diazonium product 178 

by vanadium(III).45-47 Selecting the optimum conditions involves balancing operational 179 

requirements with analytical performance. We chose 50 °C and 7.1 minutes (a total flow rate of 180 

11.0 µL/min) as optimum because while higher temperatures and shorter reaction times produced 181 

higher absorption (e.g. 60 °C and 4.9 mins gives 7 % higher absorbance), the chosen conditions 182 

offered improved operational conditions: The lower temperature reduces power consumption, 183 

while the residence time of 7.1 minutes sits on a plateau (Fig. 2) meaning changes in residence time 184 

(± 2 mins) could be tolerated without affecting colour development. Operating under these 185 

conditions the sensor device consumes a power of 1.5 W, with the pump, heater and control 186 

electronics each consuming approximately 0.5 W. The total power consumption is equivalent to 187 

the current state-of-the-art (continuous flow) microfluidic sensors,12, 21 and approximately five 188 

times lower than modern commercially-available nitrate sensors based on in situ ultraviolet 189 

spectrophotometry.6, 7, 18 190 
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 191 

Figure 2: The absorbance of droplets containing 500 µM nitrate and reagent subjected to different 192 

temperatures and residence times within the heater. 193 

The very different speeds of the two nitrate reaction steps (reduction by vanadium(III), then Griess 194 

reaction) can be harnessed in the sensor design to measure both nitrite and ΣNOx
-. As the standard 195 

Griess reaction occurs much faster than the reduction step (<60 s at room temperature) it should 196 

be possible to first quantify nitrite in the sample under ambient temperature, and then heat the 197 

droplets to drive the nitrate reduction and quantify the ΣNOx
-. To achieve this we positioned 198 

absorbance flow cells immediately before (flow cell 1, Fig. 1a) and after the heater (flow cell 2, Fig. 199 

1a). If required the nitrite concentration can then be subtracted from the ΣNOx
- to obtain the nitrate 200 

concentration alone. This ability to be able to quantify both nitrite and nitrate in the same sample 201 

is unique in microfluidic sensors where systems can typically either measure nitrite or ΣNOx
-.14, 20, 23, 202 

24, 51, 52 203 

Concentration response 204 

To characterise the sensor’s analytical performance, we pumped nitrate and nitrite standards 205 

through the device at the chosen heater temperature and flow rate. Fig. 3 shows the response 206 

observed by flow cell 1 (before heating, Fig. 3a) and flow cell 2 (after heating, Fig. 3b) for different 207 
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concentrations of nitrate (red squares) and nitrite (blue circles). As expected, flow cell 1 (before 208 

heating) gave a strong response for nitrite, with a linear relation that passed through the origin. 209 

Under the ambient conditions of the laboratory (~21 °C), nitrate produced a slight response (line of 210 

best fit 32 M-1 versus 841 M-1 for nitrite),  indicating that a small quantity of nitrate had been reduced 211 

to nitrite in the 2.3 minutes it took the droplets to reach flow cell 1. By contrast, flow cell 2 (after 212 

heating, Fig. 3b) gave a strong response for both nitrite and nitrate, consistent with the heater 213 

having successfully accelerated the nitrate reduction. The nitrate response was reproducibly lower 214 

than the nitrite response (line of best fit 682 M-1 versus 839 M-1) and is consistent with the previous 215 

observation that the chosen reaction conditions don’t deliver maximum nitrate conversion (Fig. 2). 216 

The different contributions from nitrite and nitrate to the measured absorbance need to be taken 217 

into consideration when calculating ΣNOx
- from flow cell 2 measurements. In aerated waters nitrite 218 

is typically two orders of magnitude less concentrated than nitrate1, 53 and hence it is practical 219 

under these conditions to approximate nitrite as having the same sensitivity as nitrate. This 220 

assumption will result in a 0.3 % overestimation of ΣNOx
- and as the error is small we used this 221 

approximation in the deployment described below (see supplementary experimental, ESI). In 222 

cases where nitrite concentrations are more significant (e.g. anoxic waters) this approximation 223 

would not be appropriate, however the signal from flow cell 1 could be used to account for nitrite 224 

contributions in flow cell 2. Overall, nitrate and nitrite both gave reproducible linear responses that 225 

allow quantification of both species up to at least 800 μM with the different responses allowing 226 

differentiation of the separate species. 227 
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  228 

Figure 3: Droplet absorbance with different concentrations of nitrite (blue circles) and nitrate (red 229 

squares). In flow cell 1, positioned before the heater, (a) the fast reaction of nitrite generates a 230 

strong linear response, with a much weaker one from the unreactive nitrate. In flow cell 2, 231 

positioned after the heater, (b) strong linear responses are seen for both nitrate and nitrite. 232 

Changes in refractive index caused by changes in salinity can alter the light path through the flow 233 

cell and hence lead to false readings. To counter this, an additional flow cell can be placed on the 234 

inlet stream to monitor changes in refractive index.12 We included this on earlier prototypes, 235 

however we chose not to include it here to simplify the system and because initial field tests at our 236 

test site (described later) did not find measurable refractive index changes due to the small range 237 

in salinity. 238 

The limit of detection (LOD) was determined to be 1.7 µM using the 3-sigma method54 (see ESI) but 239 

can be further reduced by taking advantage of the high temporal measurement frequency by 240 

averaging data points (e.g. the limit of detection reduces to 0.7 µM when averaging +/- 3 mins, see 241 

supplementary experimental, ESI). Relative to existing microfluidic systems where LODs have been 242 

reported to 0.1 µM 23 or lower,12 this LOD is high and results from the relatively short optical path 243 

length of the flow cells (0.5 mm). Currently the flow cells illuminate the elongated droplets (Fig. 1b) 244 

across their shorter axis.33, 49 As sensitivity in absorption measurements is proportional to optical 245 

path length55 an approximate eight-fold improvement could be obtained by illuminating along the 246 
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long axis of the droplets,56 with further gains possible by elongating the droplets within narrower 247 

channels.  248 

 249 

Figure 4: Time response of the sensor to step changes in nitrite concentrations (0 to 600 µM) at the 250 

sensor inlet. a) The responses of flow cell 1 (blue circles) and flow cell 2 (red squares) with the sensor 251 

under normal conditions. Each marker corresponds to the measurement of a single droplet. To 252 

compare the temporal response of each flow cell, the grey shaded areas are shown in (b) taking t=0 253 

as the moment the signal began to change for each flow cell. The responses of each flow cell directly 254 

superimpose each other. c) The responses of flow cell 1 (blue trace) and flow cell 2 (red trace) with 255 

the sensor operating under continuous flow by replacing the oil with deionised water. When the 256 

responses of the two flow cells are compared (d), flow cell 2 has a noticeable time lag. e) Absorbance 257 

data from flow cell 1 with changing total flow rate. As the flow rate increases from 258 

5.10 to 25.5 µL/min, the changeover becomes faster, with the time taken to reach 90 % of the final 259 

plateau value shown inset. 260 

Temporal response versus continuous flow 261 

In droplet flow, the chemical composition of the droplets is maintained as they travel downstream, 262 

unaffected by the Taylor dispersion that characterises continuous flow. To demonstrate this, and 263 

to also characterise how quickly the sensor responded to composition changes at the inlet we 264 

measured the response of the two flow cells to a step-change in concentration: from deionised 265 

water to 600 µM nitrite under standard flow conditions (11.0 µL/min total flow rate, a droplet 266 
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generated every 10 s). Fig. 4a shows the absorbance change observed by flow cell 1 (blue circles) 267 

and flow cell 2 (red squares), with each marker corresponding to a single droplet. In each case, the 268 

absorption increased from 0 to plateau at 0.52 over approximately 6 minutes (5.2 minutes to reach 269 

90 % of maximum in each case), and with the droplets taking 17.2 minutes to travel from flow cell 1 270 

to flow cell 2. When the response from each flow cell is adjusted such that the time offset between 271 

the two flow cells is removed (Fig. 4b) the response for each droplet directly overlays each other, 272 

showing how the composition of the droplets was exactly maintained through the system, with a 273 

fixed travel time between flow cell 1 and 2.  274 

The changeover time of 6 minutes resulted from the Taylor dispersion within the segment of 275 

continuous flow from the inlet to the T-junction where droplets were generated. This was 276 

confirmed by running the same experiment under continuous flow conditions (Fig. 4c) where the 277 

total flow rate was maintained by replacing the oil with deionised water. Here an almost identical 278 

temporal response is observed in flow cell 1 (5.0 minutes to reach 90 % of maximum) as both 279 

experiments had a very similar fluidic architecture upstream of flow cell 1, only differing by the 280 

relatively small volume between droplet generation and flow cell 1. In contrast to droplet flow, in 281 

continuous flow the temporal response became worse as the fluid travelled through the sensor, 282 

with the transition taking 30 % longer at flow cell 2 (6.5 minutes to reach 90 % of maximum), 283 

causing signal broadening and making it difficult to correlate the data from the two flow cells 284 

(Fig. 4d). Thus the use of droplet flow not only gives the optimum temporal response in flow cell 285 

2, but moreover allows simple correlation of the data from each flow cell- enabling easy 286 

quantification of both nitrite and ΣNOx
- for the same sample volume. 287 

For most applications 6 minute resolution is more than adequate, however increased temporal 288 

resolution (e.g. for water column profiling40) can be achieved by reducing the fluidic volume 289 

between the inlet and droplet generation or by increasing the total flow rate. Fig. 4e shows 290 

transitions for flow rates from 5.10 to 25.5 µL/min, with the times required to reach 90 % of 291 
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maximum shown inset. Increasing flow rate decreases transition time to as low as 2.2 minutes to 292 

reach 90 % at a total flow rate of 25.5 µL/min. Increasing the flow rate will increase fluid and power 293 

usage, however in scenarios where higher temporal resolution is required it is unlikely to be 294 

needed for extended periods.  295 

Deployment in tidal river 296 

Having characterised the sensor in the laboratory we used it to continuously monitor the variation 297 

of ΣNOx
- and nitrite concentrations in a tidal river. The River Itchen is a chalk river on the south 298 

coast of the UK, which feeds into the Southampton Water estuary and ultimately into the English 299 

Channel. The sensor was deployed from mid-July 2018 following a prolonged dry period, with no 300 

rainfall in the local area for approximately 6 weeks.57 The deployment location (illustrated in 301 

Fig. S1) was ~250 m downstream of the Woodmill tidal barrier at a location (50°56'02.1"N 302 

1°22'48.0"W) subject to several metres tidal variation. The sensor was suspended from a pontoon 303 

(shown in supplementary Fig. S2) with the water sample intake a constant ~50 cm under the 304 

surface throughout the deployment. A logging conductivity and temperature sensor (WTW, LF340 305 

measuring every 15-30 mins) was deployed alongside the sensor, and grab samples were taken 306 

twice daily during weekdays for lab analysis (see supplementary experimental, ESI). The sensor 307 

was operated continuously, generating a droplet (a single measurement) every 10 s, and the 308 

onboard standard (200 µM nitrite) was flowed through the system for a period of 30 minutes every 309 

6 hours. A blank of deionised water was run through the inlet in order to benchmark the oil quasi-310 

blank measurements immediately before deployment. 311 

Over the course of the deployment the measurements of the on-board standard remained 312 

approximately constant, with relative standard deviations of 5.3 % and 4.9 % relative to the long 313 

term mean for flow cell 1 and flow cell 2 respectively (Fig. S3). The absorbance of the river water 314 

(sample) droplets was much higher in flow cell 2 (after heating) than flow cell 1 (before heating, 315 

see Fig. S3) indicating a predominance of nitrate over nitrite, as expected for aerated waters.53 The 316 
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sample absorbance fluctuated over time in both flow cells, indicating highly variable nitrate and 317 

nitrite concentrations in the river. 318 

Fig. 5a shows the variations in the ΣNOx
- concentration derived from flow cell 2 (light blue dots, 319 

and blue line rolling average), along with results from the grab samples (red circles and error bars). 320 

The ΣNOx
- values are in the previously reported range for the river,12, 58-60 and the sensor data is in 321 

good agreement with the grab sample results, differing by a mean relative error of 6.4 %. For 322 

comparison, the ΣNOx
- data is plotted alongside conductivity (Fig. 5b), tide height measured 323 

downstream at Southampton docks61 (Fig. 5c), and local rainfall in Southampton57 (Fig. 5d). The 324 

variation of temperature, river discharge, and barometric pressure are also shown in 325 

supplementary Fig. S4. 326 

 327 

Figure 5: a) ΣNOx
- values derived from flow cell 2 (after heating). Each light blue point corresponds to 328 

a measurement of a single droplet, while the dark blue line is a rolling average (median value 329 

± 3 minutes, reflecting the changeover time). The red markers correspond to concentrations 330 

obtained from lab-analysed grab samples, with error bars corresponding to the standard deviation 331 

of replicate measurements. b) Conductivity of the river at the deployment location. c) Tide height 332 

measured downstream at Southampton docks.61 d) Rainfall measured in Southampton.57 e) The 333 

relation between ΣNOx
- and conductivity, shown with a line of best fit indicating the overall negative 334 
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correlation. f) Plot showing how the gradient of the line of best fit of the ΣNOx
-/conductivity relation, 335 

illustrated in (e), varied during the deployment. Each data point corresponds to the correlation 336 

during a tidal cycle (low tide to low tide), while the red dashed line shows a guide to the eye. g) The 337 

ΣNOx
- variation during the 72 hours between days 202 and 205, shown alongside the variation during 338 

days 206 to 209 (h) and days 216 to 219 (i). Night is indicated by the grey shaded regions. j) Plot 339 

showing the mean ΣNOx
- of the incoming freshwater stream during each tidal cycle. The timing of 340 

major rain events (d) are shown as vertical red dashed lines. 341 

The data indicates that ΣNOx
- concentration during the deployment was affected by a combination 342 

of tidal cycles, rain input, and diurnal effects. The tidal effect was most obvious between days 204 343 

and 210 where the ΣNOx
- fluctuated by up to 28 % of peak value in each cycle (day 207). Peaks 344 

coincided with low tide when nutrient-rich fresh water predominated and then dropped with the 345 

inflow of nutrient-poor seawater at high tide. As might be expected, the conductivity 346 

measurements varied in opposition, typically 0.65 mS/cm at low tide then rising to between 4 and 347 

10 mS/cm at high tide, with the peak conductivity dependent on the magnitude of the tide (see 348 

Fig. 5b,c). 349 

To examine the influence of tidal effects on ΣNOx
- concentrations in more detail we considered the 350 

relationship between ΣNOx
- and conductivity (a proxy for seawater content). As shown in Fig. 5e, 351 

overall there was an expected negative correlation (higher seawater content increasing 352 

conductivity and lowering nutrient concentrations), however the magnitude of the ΣNOX
-353 

/conductivity correlation varied over the course of the deployment, as shown in Fig. 5f. The 354 

correlation (derived from the gradient of a line-of-best-fit for each tide) smoothly shifted from its 355 

most pronounced value of -0.01 M.cm/S around day 208, to zero between days 216 and 220 (i.e. 356 

tide has minimal effect on ΣNOx
-) and again grew towards the end of the deployment. The 357 

peak/nadir of the correlation roughly coincided with the neap/spring tides respectively (Fig. 5c), 358 

however a longer deployment would be needed to confirm this and investigate further. 359 
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When the tidal influence was at its lowest, the ΣNOx
- showed evidence of diurnal variation. Fig. 5g-i 360 

compares the ΣNOX
- variation during three periods of different tidal influence: low during days 202-361 

205 (Fig. 5g), high during days 206-209 (Fig. 5h), and again low during days 216-219 (Fig. 5i). In each 362 

case 72 hours’ data is shown, with night times indicated by grey shaded regions. During the periods 363 

of low tidal variation (Fig. 5g,i), peaks corresponding to tidal effects are superimposed on a 364 

predominant 24 hour cycle (most notably in Fig. 5i) with ΣNOx
- lower during the day and peaking 365 

during the night . This effect is less obvious during the periods of high tidal variation as it is masked 366 

by the much larger tidal changes, but it is still perceivable. In Fig. 5h for example, the high tides 367 

coincide with the middle of the night and day. If we look at the corresponding ΣNOx
- troughs, each 368 

of the daytime minima are lower than their neighbouring night time minima by approximately 369 

20 μM. This is unlikely to be a measurement artefact from ambient temperature variation as the 370 

heater provided a constant, defined temperature for nitrate reduction. Diurnal cycles in rivers can 371 

be due to the daily variation of sewage treatment works (STW) discharges.62 The discharge from 372 

the nearest STW (Portswood STW, Fig. S1) has been previously found to lower nitrate levels,59 373 

however as it was downstream of the deployment location we would expect contributions from 374 

this STW to occur on a timescale determined by the tidal cycle. The nearest upstream STW is at 375 

Eastleigh, approximately 5 km away, but a previous study found it did not affect river nitrate 376 

levels.59 The diurnal variation could be due to primary production in the river, with the removal of 377 

ΣNOx
- coinciding with the daylight required for photosynthesis, however additional measurements 378 

(e.g. dissolved oxygen) would be needed to definitively confirm this hypothesis. 379 

Rain events also had a noticeable effect on ΣNOx
- levels. There were two significant rain events on 380 

day 210 and 222 (Fig. 5d) which immediately resulted in sharp transitory dilutions (<12 hrs) of the 381 

ΣNOx
- concentration by 42 % and 24 % respectively (Fig. 5a). It was followed by less pronounced but 382 

more prolonged dilution of the river water input. This is shown in Fig. 5j which shows the river 383 

ΣNOx
- concentrations over time. The values used here constitute the river concentration 384 

independent from tidal effects by taking the mean values at low tide (defined as conductivity 385 
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<0.7 mS/cm). The timing of each rain event is marked on Fig. 5j as a red dashed line and coincide 386 

with sharp and prolonged drops in river ΣNOx
-. 387 

Fig. 6a shows the variations in the nitrite concentration derived from flow cell 1 (light blue dots, 388 

and blue line rolling average). Nitrite concentrations in the River Itchen are typically single-figure 389 

values,58-60 hence the observed concentrations (up to almost 50 µM) included concentrations 390 

approximately ten times higher than expected. In trying to explain this, our attention initially 391 

turned to the sensor. As previously noted, there could be a small increase in absorbance due to the 392 

reaction of a proportion of nitrate prior to heating (as shown in Fig. 3a). In a worse-case scenario 393 

(ambient temperatures routinely > 20 °C) this would have artificially raised the nitrite reading by a 394 

maximum of 5 µM and hence was too small to account for the observed concentrations (as an 395 

aside we note that this contribution could be quantified and corrected in future by using a nitrate 396 

standard in place of the nitrite standard used on this deployment). Additionally, the theory that 397 

nitrate reaction was responsible for the unexpected nitrite measurements was inconsistent with 398 

the observed fluctuations in nitrate-dominated ΣNOx
- and nitrite. Whereas ΣNOx

- fluctuated daily 399 

by up to 28 % (day 207), nitrite levels varied by up to 90 % (day 223). Moreover, whereas the ΣNOx
- 400 

variation showed a negative correlation with conductivity (Fig. 5e), the nitrite showed the exact 401 

opposite trend, with a universally positive correlation (Fig.6b, more detail shown in supplementary 402 

Fig. S5) - indicative of differing major sources for nitrate and nitrite at the deployment site. As such 403 

we determined the high nitrite measurements were not sensor artefact. 404 

 405 
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Figure 6: a) Nitrite values derived from flow cell 1 (before heating). Each light blue point corresponds 406 

to a measurement of a single droplet, while the dark blue line is a rolling average (median value 407 

± 3 minutes, chosen to reflect the changeover time). b) The relation between nitrite and 408 

conductivity values, shown with a line of best fit which indicates the overall positive correlation.  409 

The source of the elevated nitrite measurements became evident when considering the 410 

deployment location, which was approximately 400 m upstream of Portswood STW (Fig. S1). It has 411 

been generally noted that STW outputs contribute to increased river nitrite concentrations53 and a 412 

previous study quantifying nutrient levels along the length of the Itchen found locally elevated 413 

nitrite concentrations (up to 44 µM) near the outflow of the same STW.59 Hence it is likely that the 414 

high nitrite concentrations and the positive nitrite/conductivity correlation resulted from effluent 415 

being carried upstream from the STW on each incoming tide. As we do not know the discharge 416 

volumes, compositions, or timings from the STW it is difficult to read too much into the nitrite data, 417 

however speculation on the trends in nitrite/conductivity correlation is given in the supplementary 418 

information (Fig. S5 and accompanying text). It is noticeable that the rain event on day 211 (Fig. 5d) 419 

coincided with a decrease in nitrite peak magnitude that lasted several days (Fig. 6a). This could be 420 

due to the accompanying increase in river discharge (supplementary Fig. S4) providing increased 421 

hydrodynamic resistance to the incoming tide and thus reducing the amount of STW effluent 422 

carried upstream. 423 

During the three week deployment over 160,000 river samples were measured for nitrate and 424 

nitrite. The high measurement rate (0.1 Hz) is notably faster than previous microfluidic sensors 425 

based on continuous (non-droplet) microfluidics, where measurement times are typically a 426 

minimum of several minutes.12-14, 21, 23, 27 This high frequency is advantageous as it makes finer 427 

structure in concentration variation visible, allows for averaging to reduce instrumental noise and 428 

hence reduce limits of detection. It also indicates that the sensor can be used on profiling platforms 429 

or moving vehicles.40 430 
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Despite the high measurement frequency, the low total flow rate within the sensor meant the fluid 431 

consumption of the sensor was markedly lower than previously reported systems. Low fluid 432 

consumption is important as this, along with power considerations, determines the length and/or 433 

measurement frequency of a sensor deployment. Reagent was consumed at a rate of 2.8 ml/day, 434 

while the combined consumption for sample and standard was also 2.8 ml/day. The oil was 435 

continuously recycled and hence not consumed. This corresponds to a consumption of 350 nL of 436 

reagent for each measurement – three orders of magnitude lower than the best previously 437 

reported microfluidic nitrate sensors.12, 23 However as previously reported systems have included 438 

sample changeover in their fluid economy calculations, a fairer comparison might be to also include 439 

the 6 minute changeover time when calculating the consumption for our sensor. Even allowing for 440 

the changeover, it corresponds to 12 μL of reagent usage, still 30 times lower than current state-441 

of-the-art systems.12 It should be emphasised that the reagent consumption of 2.8 ml/day means 442 

that 1 L of reagent would last over 11 months whilst still continuously measuring at a rate of once 443 

every 10 seconds. 444 

In this instance, the sensor generated a continuous stream of droplets performing a single 445 

reaction, however in the future droplet flow could be used for multiplexed analysis. As each 446 

droplet is a self-contained chemical reaction vessel, it is possible to generate sequences of droplets 447 

of arbitrarily defined composition. This could be used, for example, to generate droplets of 448 

alternating sample and standard,44 or series of droplets to sequentially assay different analytes. In 449 

principle most analytes that can be measured using a colorimetric assay, such as the modified 450 

Griess assay used here, could be measured using this system. The absorption flow cells could also 451 

be swapped for fluorescent or chemiluminescent equivalents to further expand the available assay 452 

options. 453 

Supporting Information  454 
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Supplementary experimental describing sensor fabrication, reagent formulation, data processing, 455 

and spot-sampling methods in closer detail. Supplementary results include additional discussion of 456 

deployment nitrite results. 457 
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